Recent studies of how vesicles are targeted to fuse with specific membranes inside cells highlight a role for extended coiled-coil proteins in tethering partner membranes prior to formation of the 'SNARE complex' that mediates the fusion reaction. The tethering protein is recruited to membranes by a Rab family GTPase.
The distinct identity of the various subcellular compartments is dynamically maintained by a balance of vesicle formation and consumption. These processes occur in many different contexts inside a cell, and together they play a crucial role in sustaining cellular organization. It is generally believed that the basic mechanisms of vesicle formation and consumption are conserved, with organellespecific molecular components being drawn from large protein families. Recent investigations have implicated extended coiled-coil proteins in mediating the initial attachment between membranes destined to fuse. In concert with small GTPases of the Rab family and membrane receptors known as SNAREs, the coiled-coil proteins determine the specificity of vesicle fusion events.
Most intracellular fusion events are known to require the common components 'N-ethyl maleimide-sensitive factor' (NSF) and 'α-soluble NSF attachment protein' (α-SNAP) [1] . These factors have been shown to interact with a 7S membrane receptor complex comprising 'SNAP receptors' (SNAREs) which can be disassembled as a result of ATPase activity of the NSF component. This interaction was initially described for SNAREs involved in the consumption -or exocytosis -of synaptic vesicles: synaptobrevin, a vesicle-associated or v-SNARE, and the two target-membrane-associated or t-SNAREs, syntaxin and SNAP-25, which interact to form a fourhelix bundle. These are now known to be representatives of protein families for which individual members act at discrete sites.
As well as breaking pre-assembled SNARE complexes, NSF and α-SNAP serve to reconfigure t-SNAREs in some way, such that they can participate in fresh SNARE complex assembly. This action, referred to as 'priming', is essential for vesicle fusion and, at least in some systems, can be completed prior to vesicle attachment [2] . As a SNARE complex can be formed in trans -that is, between cognate v-SNAREs and t-SNAREs on distinct membranes -the SNARE families are implicated in the selection of fusion partners. The extent to which SNAREs are responsible for the initial recognition and specificity of interactions between vesicles has, however, been controversial. Doubts have arisen because some SNAREs, like some Rabs, can act at more than one transport step. Furthermore, some individual SNAREs are promiscuous in their partnerships, for example the yeast v-SNARE Vti1 has been shown to pair with five of the eight yeast t-SNAREs [3] .
Recent studies using a cell-free assay for homotypic endosome fusion, and a permeabilised cell assay for fusion of yeast endoplasmic reticulum (ER)-derived vesicles with cis-Golgi elements [4] , have highlighted a role for two proteins, early endosomal antigen 1 (EEA1) and Uso1, respectively, in mediating the initial interaction between the partner membranes. These proteins both have extensive coiled-coil regions, which form extended flexible-rod structures, similar to the tail region of myosin. Owing to their extended shape, EEA1 and Uso1 have been proposed to act as membrane 'tethers', which may confine the search for trans-SNARE partners to the tethered partner membranes. In each case, this role has been established by experimental approaches that allow the dissection of membrane attachment from membrane fusion.
Barlowe and co-workers [4] developed a simple centrifugation assay for vesicle attachment on the yeast ER-toGolgi transport pathway, based on the fact that ER-derived vesicles produced from semi-intact cells are freely diffusible, so that following incubation under conditions where fusion is inhibited, only vesicles attached to target membranes will pellet. They found that vesicle attachment could still be observed, even when fusion was inhibited by withholding LMA1, an essential cytosolic fusion factor, or using strains of yeast carrying loss-of-function mutations of SNARE proteins. This indicates that SNARE complex formation is not required for initial vesicle attachment. Vesicle attachment was found to require the cytosolic factor Uso1 and the small GTPase Ypt1, a member of the Rab family [4] (that these proteins have a close relationship on the vesicle consumption pathway had already been indicated by genetic analysis [5] ). Removal of Ypt1 from membranes led to a corresponding loss of Uso1, although a direct interaction between the two proteins has not so far been demonstrated [4] . Ypt1 may either bind directly to Uso1 or regulate availability of an alternative receptor binding site.
Zerial and colleagues [6] have developed a simple microscopic assay for endosomal aggregation. They prepared endosomes specifically labelled with fluorescently-tagged transferrin, and then incubated the labelled endosomes under conditions in which fusion does not occur (specifically, SNARE complex assembly was impaired by the presence of an excess of a dominant-negative mutant form of α-SNAP). They found that, under these conditions, EEA1-dependent aggregation of labelled vesicles could still be observed, indicating that it is EEA1, rather than SNAREs, that mediates initial endosome attachment [6] .
EEA1 is a specific early endosomal marker protein, which equilibrates between membrane and cytosolic fractions and is required for endosome fusion [7, 8] . Structurally the protein consists of an extended coiled-coil, flanked by two zinc-finger domains. The carboxy-terminal zinc finger belongs to the family of FYVE domains, which bind specifically to the lipid phosphatidylinositol 3-phosphate (PI(3)P) [9] . EEA1 additionally contains two binding sites for GTP-Rab5, one at each end of the protein [7] . Both PI(3)P binding and Rab5 binding play a part in the localization of EEA1 inside cells.
In addition to EEA1, Zerial and colleagues [6] have identified 21 other proteins that bound specifically to a GTP-Rab5 affinity column. Fractionation of this protein pool, however, revealed that EEA1 is not only required to support both endosome attachment and fusion, but that it can do so in the absence of other cytosolic proteins. This raises the question, what are the other 21 proteins good for? Some may be regulators of the Rab5 nucleotide cycle, whilst others may be effectors of further possible Rab5 functions, such as controlling endosome-microtubule interactions. It is a reasonable bet that some may be alternative 'tethering factors' that mediate endosome fusion events distinct from the 'homotypic' fusion governed by EEA1. Rabaptin-5, for example, also contains an extended coiledcoil region and has a Rab5-binding site at one end and a Rab4-binding site at the other [10] ; perhaps Rabaptin-5 mediates tethering between a subset of early endosomes.
So where do the SNAREs fit in? Certainly trans-SNARE complex formation is required for fusion and lies downstream of vesicle tethering. That SNAREs interact directly with a tethering protein is suggested by recent studies of genes required for vesicle transport between the trans-Golgi network and endosomes in budding yeast. Characterisation of the proteins that these genes encode has thrown up some striking similarities with homotypic endosome fusion. Thus, as recently reported in Current Biology [11] , vesicle transport in yeast requires PI(3)P generation by the phosphatidylinositol 3-kinase Vps34 and also the FYVE-domain-containing protein Vac1, which binds to the yeast Rab5 homologue Vps21. On the basis of these findings, Peterson et al. [11] suggest that Vac1 fulfils Dispatch R259
Figure 1
A generalised scheme for the tethering and fusion of intracellular vesicles. The model is a composite, based on data obtained with a number of experimental systems, principally ER-to-Golgi transport, trans-Golgi-to-endosome transport, homotypic vacuole fusion in yeast and homotypic endosome fusion in mammalian cells (see text for details). (a) α-SNAP recruits NSF to a syntaxin homologue (t-SNARE), which is then 'primed' in an ATP-dependent reaction; Rab proteins undergo nucleotide exchange to provide the active GTP-bound form. (b) Rab-GTP recruits, either directly or indirectly, an extended coiledcoil protein, which tethers partner membranes and can also interact with both components of a t-SNARE-n-SEC1 complex, possibly promoting the availability of the t-SNARE for the next step. (c) Assembly of a trans-SNARE complex, leading to further irreversible steps that culminate in membrane fusion. The time for cognate-SNARE interaction is limited by the GTP hydrolysis rate of the Rab proteins, as hydrolysis before the trans-SNARE complex is properly assembled leads to breaking of the tether. the function of EEA1 in this system. They further found that Vac1 also binds to the t-SNARE Pep12 and to Vps45 [11] . Vps45 is related to the n-SEC1 family of proteins, which have been proposed to be negative regulators of SNARE complex assembly through a t-SNARE interaction [12, 13] . This suggests a more complex function for Vac1, beyond initial attachment of the vesicle, perhaps in regulating the availability of Pep12 for participation in SNARE complex assembly.
In the simplest model of vesicle fusion that is consistent with the currently available data, a Rab family protein in the GTP-bound form recruits an extended coiled-coil 'tethering' protein to one or both interacting membranes; the coiled-coil protein then promotes membrane attachment for a time limited by the rate of Rab nucleotide hydrolysis (Figure 1) . If a trans-SNARE complex is able to form during this period, then irreversible SNARE-dependent steps on the fusion pathway can proceed. A number of aspects of this process help to ensure the fidelity of fusion. These are the interaction of a tethering protein with membrane-specific factors; the Rab-based timer that limits the time allowed for trans-SNARE complex formation; cognate SNARE proteins that can complex within the time set by the Rab protein; and perhaps also direct interactions of the tethering protein with t-SNAREs and/or n-SEC1 homologues, which may serve to couple the availability of individual t-SNAREs to membrane attachment by the specific tethering factor.
Uso1 and EEA1 provide the first direct examples of a tethering function for coiled-coil proteins on a vesicle fusion pathway. In both cases, Rab proteins are implicated in recruitment of the proteins to target membranes. Other proteins might have similar functions and form a family of tethering proteins; this is variously suggested by their predicted secondary structure, intracellular localisation and Rab-dependent recruitment, as well as the results of some lower resolution functional studies. These include the yeast protein Imh1, a multi-copy suppressor of ypt6 mutations, Vac1, Rabaptins and p115, a Golgi protein which can tether vesicles to Golgi-cisternae. At this point, the functional assignment for these proteins is only tentative; further high resolution transport assays that are capable of dissecting vesicle attachment from vesicle fusion will be required to directly test whether these proteins have tethering functions.
